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Outline of the talk

& (QObservational evidence for cosmic magnetic fields
~® Origin of cosmic magnetic fields - Primordial vs. Astrophysical
~® Primordial magnetic fields from inflation
& Backreaction and strong coupling
~® Deflationary magnetogenesis
& Anisotropic constraints
- Non-gaussian cross-correlations with curvature perturbations
“® A new magnetic consistency relation
& The squeezed limit and the flattened shape

~& (Conclusions
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Our universe 1S magnetized!

- Large scale magnetic fields are present everywhere in the universe e.g.
in our solar system, in stars, in galaxies, in clusters, in galaxies at high
redshifts and also 1n the intergalactic medium.

®  Galaxies: B~ 1 - 10 pG with coherence length as large as 10 kpc.

Clusters: B ~ 0.1 - 1 pG, coherent on scales up to 100 kpc.

Filaments: B ~ 10-7 - 10-8 G, coherent on scales up to 1 Mpc
(Kronberg 2010).

Intergalactic medium: B > 10-16 G, coherent on Mpc scales, the lower
bound arises due to the absence of extended secondary GeV emission
around TeV blazars (Neronov & Vovk, 2010), or even more robust

limits of B > 10-19G (Takahashi et al. 2011).
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What 1s the origin
of such fields?



Various mechanisms

¢ Primordial (early time)

~& Inflation

~& Phase transitions (QCD, EW)

& Second-order perturbation theory
& Astrophysical (late time)

~® Structure formation

¢ Biermann battery

¢ Dynamo mechanism/MHD turbulence
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Primordial magnetic fields from
inflation

& Standard EM action 1s conformally invarant - the
EM fluctuations do not grow in any conformally

flat background like FRW - need to break 1t to
generate magnetic fields. (Turner & Widrow, 1988)

“® Various possible couplings:
=» Kinetic coupling=" (o R F F-
& Axial coupling: f(o, R)Fw/ﬁ’“”

& Mass term: M?*(¢,R)A, A"
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Primordial magnetic fields trom
inflation...

& Axial coupling: f(¢,R)F,, F*"

“® strong constraints from backreaction, final field

Strength not enough (Durrer, Hollenstein, RKJ, 2011;
Byrnes, Hollenstein, RKJ, Urban, 2012)

& Mass term: M?*(¢, R)A, A"

& pegative mass-squared needed for generating
relevant magnetic hields, breaks gauge invariance
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Primordial magnetic fields trom
inflation...

& (Gauge-invariant coupling: A(n)F,, F**

& For A(n) « a®** x n*7, the magnetic field spectrum

o L\ 4420
iR (a—H>

1S

whered =vify<1/2andd=1—~ifvy > 1/2.

The tilt of the spectrum is ng = 4 + 20 and np = 0 for « = 2 or v = —2. However,
np = 0 also for v = 3 but then the electric field vary strongly and so not interesting.
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Various constraints

& Background
& Strong coupling
~& Backreaction
~& Perturbations
& Power spectrum
~® Induced bispectrum

& Energy scale of inflation (from B-modes)
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Constraint from strong coupling
& Adding the EM coupling to the SM fermions

L=+-g |:_%/\((/))FHVF“H — Y (9 + *"“AH)T/’]

& The physical EM coupling now i1s

oys = ¢/ VA(9)

B

& Since VA x a®thenfor a > 0, the physical coupling
decreases by a large factor during inflation, and must

have been very large at the beginning of inflation.
& QFT out of control imitially. (Demozzi et.al, 2009)

~® Solutions ?? Speculations...(Caldwell & Motta, 2012, Ferreira,
RKJ & Sloth, 2013)
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Constraint from backreaction

& The magnetic hields should not backreact on the
background dynamics of the universe 1.e. Pem < Pint

“® In the non-strongly coupled regime (a<0)

2
Ht o= (ot (MNeot—Ne) | g — =)

m~d = —
2 : 22042 713 (20 + 4)

N = N e N N total amount of inftlation

Nmin = In(R) + %ln <H£> + iln(ﬂr), - minimum no. of e-folds
0

N, - e-fold of conformal breaking
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Constraints from backreaction

& The backreaction constraint translates into the

inequality:
—Q a/241
L T Fpty M, 26(2a+4)(AN—Nb)
Hy de, Hy
which implies
In (i)
o 2 —2 A : ZMP .
Lin (#£0;%) + AN - N,

& Backreaction + Strong coupling constraints at most
lead to B ~10-%2 G today. (Demozzi et.al, 2009)
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Approaches to circumvent this
result

& Non-monotonic coupling function

& A natural approach 1s to simply glue together
the two scale invarant regimes with o = 2 and
a=—3

& Minimize the redshift after inflation:
& Effects of reheating

& Lower the energy scale of inflation
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Non-monotonic coupling function

1040 |

— ] transition

— 7 transitions

1032k

1024 |

Coupling Function

108 3

E—-Folds

No improvement greater than one order of magnitude!
Ferreira, RKJ & Sloth, 2013
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Deflationary magnetogenesis

& Flux conservation leads to adiabatic decay of magnetic
hields after inflation.

& Problem with moditying the inflationary part to generate
even larger field strength during inflation.

& Rather, modity the post-intlationary evolution of
magnetic fields until today.

& Consider prolonged reheating rather than instantaneous
reheating.

& Deflation after inflation.
Ferreira, RKJ & Sloth, 2013
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Deflationary magnetogenesis

“® For radiation dominated universe immediately

after inflation: Pr / e (CLO/ af )

& If the universe 1s instead dominated by a fluid with
equation of state w until the end of reheating:

:01/:07“ == (areh/af)g(l—i_w) (aO/areh)4

1

4
= a 1 fpr
af R Pr

& Define the reheating parameter R as

—1 4+ 3w Trrals
log(R) = : log ( = )
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Deflationary magnetogenesis

& The magnetic hield spectrum today 1s

dpp _ dpB ay :
dlog k dlog k ar N

ao

® In terms of R, we get

F(—Oé s 1/2) 5 1 /4 —(1+a) HO %(54—04) L 3+«
BuloyH) = e HE (RO (?) <a0H0)

& To get optimal values of the magnetic hields today,
maximize in & and R.

Ferreira, RKJ & Sloth, 2013
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Deflationary magnetogenesis

& The backreaction constraint (during inflation) leads

in (7)

i In (Qr 2 R4)

~® The constraint Pnuc < Prer < PI and the backreaction
(after inflation)

to an optimal value of «

& =—2+

pB(tren) _ pB(to)
Preh Pr

=

leads to a maximal value of R

— ==
e (HI>1/2+10_41/6<&) 2
3y1/4 \ M, M,
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Final magnetic hield strength

14 — 4415 Mpc — Horizon Scale
107 F
i — 1 Mpc
— 4415 Mpc (R=1)
U — 1 Mpc R=1)
Q 1020}
= _
2l
10-23 F
10—29 1 ey o e e e
Hione e fn o AL i

H/Mp

Ferreira, RKJ & Sloth, 2013
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Constraints from perturbations

&  Anisotropic constraints

¢ Amplitude of induced curvature perturbations due to
the EM field must be smaller than the observed power
spectrum:

max obs
e Pc

~¢ Non-gaussianity must be in agreement with Planck.
& B-modes

~® The (?7) detection of tensor modes fixes the energy
scale of inflation
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Constraint from power spectrum
Fujita, Yokoyama, 2013, Ferreira, RKJ & Sloth, 2014

~® The induced power spectrum

16 N 2
e (07 —(204—|—4)(Nt0t—Nb—Nk) S —(2a+4)Nk —
Peerm () = 3(2a + 4) (361\43) (e 1) (6 1)

* Requiring PP* < P2 implies

3eM?

)
Ee— 3
o ) 4 p obs Qo+2 —2(2a+4) Ny, ( —(2a+4)A 1)

—1l

2.\ 2
In (136 (3]‘535 ) Pgbs) +21n (Q,) + 4A — 8N,

or o
i (Hﬂoﬂiﬂ) _ 2A + 4N,
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Constraint from induced bispectrum

Fujita, Yokoyama, 2013, Nurmi, Sloth,
2013, Ferreira, RKJ & Sloth, 2014

~& 3-point function in the squeezed limit

20 (Pobs) _9 <2daH2>3 (e—(2a+4)(Nmin—Nb—Nk) = 1) o —3(20+4) Ny

N e 3= 4) 3 M2
& Requiring 5% < 35, we find

HN™ 2 oe ( 3M3E\" (pote)? 32042 =320t 0Ny (-0t _ 1)
e S i g oC p obs 3/2(a+2) —3(2a+4) Ny —(2a+4 —
(H0> S (2ac+4) f < ) (77 ) o e (e 1)

2 2_\ 3
In <gg loc (Pobs) (32]\21926) ) + 31n (Qr) + 4N\ — 12N,

CRES=SsTy Z
= ( 91/2) _9A + 6N,

f22¢ < 8.5 from Planck
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Backreaction vs. Anisotropic

[ )
constraints
~* [ong enough inflation ->
backreaction 1s the | T andekIezLton
. =40 — Power spectrum
strongest constraint. = .
4 — Bispectrum
Fujita, Yokoyama, 2013 ﬁ
et 2 -
é I
E L
e
o B
o - — =30 - |
~& [f inflation lasts closer to f
the minimum required, the
- . - =351 ‘ | ‘ | ) ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ | | | -
hierarchy of constraints is = ; 10 15
reversed. Log[pi¢/GeV]

Ferreira, RKJ & Sloth, 2014
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Model independent bound vs.

kinetic coupling model

: Fujita, Yokoyama, 2013, Ferreira,
~* Model independent bound (MIB) RKJ & Sloth, 2014

5/4 —
1/4 k By
: 29.3G
101nf < eV (1MpC_1) (1015 G)

—15 L

— B™**—Conservative upper bound |

—— BMaX_{2F2 model

~& (Optimal scenario of kinetic §
coupling model lies about 3 &
orders of magnitude below % :
the MIB. G T
S e e e
Log| pint /GeV]
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Constraint from B-modes

& B-modes fix the energy
scale of inflation

~* Void magnetic fields
(>10-1® G) are possibly
excluded.

~® Seed magnetic fields still
possible although at scales
below Kpc but still allowed
by the MIB.

Ferreira, RKJ & Sloth, 2014

p.le =~ 2.2 x 10'° GeV -25

Log[B/Gauss]
|

— B™**_-Model independent bound

—— B™&_f2F2 model

| ! !
4

Log[k/kntpc |

Kavli [IPMU
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Non-Gaussiam
Imprints of primordial
magnetic fhelds



Magnetic non-Gaussianity

& [f magnetic helds are produced during inflation,
they are likely to be correlated with the primordial
curvature perturbations.

& Such cross-correlations are non-Gaussian 1n nature
and 1t 1s very Interesting to compute them 1n
ditferent models of inflationary magnetogenesis.

& We consider the following correlation here:

(C(F1)B(k2) - B(k3))
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(Ordinary) non-Gaussianity

& The primordial perturbations are encoded 1n the
two-point function or the power spectrum

(CrCrr) = (2m)%8(k + k) P (k)

¢ A non-vanishing three-point function {(Cx, ¢x,Cx;) 1s a

signal of NG.

~& Introduce /NL as a measure of NG.

fNL i <<A:1 Ck'g CL:;;> /PC(kl)PC(kQ) + perm.
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(sem1)Classical estimate
(for squeezed limit)

& Consider {(Ck; Ck,Cks) 1n the squeezed limit 1.e.

& The long wavelength mode rescales the
background for short wavelength modes

dss = —di2 a5 xS

& Taylor expand in the rescaled background
(

R (ChoClis) + - ..

<C£:-_;Cﬁ-:;;>cl - <Cﬂ'-z<ﬂ'-:s> + G

<C*'-| cﬁ’zcﬁf:f‘.)g‘l ~ <CF~-‘1 <CL'--_:CF~?:5>C|> ot <QL'.| CA.-1> }‘% <(.k-_:CL'.;;>

(LK

(Maldacena,

(Chy ChaCs) ~ — (s — 1) (Chey Chy ) {ChzCks ) 2002)
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Non-gaussian cross-correlation

& Define the cross-correlation bispectrum of the
curvature perturbation with magnetic fields as

(¢(k1)B(ks) - B(ks)) = (2m)°0') (ky + ko + k3) Bepp (ki ko, ks)
& Introduce the magnetic non-linearity parameter
Bepp(ki, ko, k3) = by P (k1) Pp(k2)
& [ocal resemblance between /NL and by
(=6 43 flocal (C(G))Q

2 B(G) 0 blocalc(G (G)
RKJ & Sloth, 2012;
e
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A new magnetic consistency relation

& Use the same semi-classical argument to derive the consistency
relation.

&  Consider (¢(77, k1) Ai (71, k2)A;(77,k3)) 1n the squeezed limit.

& The effect of the long wavelength mode 1s to shift the background
of the short Wavelength mode.

lim (((77, k1) A (11, ko) A; (11, ks) = (C(71, k1) (Ai(71, ko) Aj (77, Ks) 5 )

kl —0

&  Since the vector field only feels the background through the

coupling, all the effects of the long wavelength mode 1s indeed
captured by

S Olna+---= X+ 2t

)\B:)\O+dlna dlna

e
RKJ & Sloth, 2012;
e
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A new magnetic consistency relation

& Compute the two point function of the vector hield
in the modified background

(i) Ay xa) p = (ool

1 1 dM
v (i (T, X2)v;(T, X3)) — )\lenaCB (vi(T, x2)v5(T, X3))

where v; = V) A; 1s the linear canonical vector field.

& One hnally finds
lim <<(T], kl)Az’(TI, kZ)Aj (TI; k3)>

kl —0

~ = (71, k)71, =ka)) (Ai(7r, ko) Aj(77, k)

H
RKJ & Sloth, 2012;
LR Y]
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A new magnetic consistency relation
“® In terms of magnetic hields, the correlation becomes

Gl kl.)B(TI; ko) - B(77,ks3))
e
— _EX(QW) 63 (ky + ko + k3) Pr(ky) Pp(ks)

& With the coupling A(¢(r)) = A\;(r/7)™*", we obtain

‘ﬂbNL:nB—Zl

& For scale-invariant magnetic field spectrum, ng = 0
and theretore, by = —4

& Not so small......compared to by ~ O(e,n)
RKJ & Sloth, 20125
P
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A new magnetic consistency relation

& In the squeezed limit k1 < k2, k3 = k, we obtain a
new magnelic conststency relation

i <C(A| )B(Az) ‘ B(kg)) — ("H;H — 4)(27{')35(3)(1{1 + kg -+ k:;)Pc(ATI )P;g(].?)

L B

Wlth bﬁ(\)f(fl — (nB = 4)

& Compare with Maldacena’s consistency relation

E—

(k1) (k2)C (k) = — (s — 1)(2)*0 (ke + ks + ka) P (k) Pe (k)

S e = g — 1
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The tull in-1n calculation

& One has to cross-check the consistency relation by
doing the full in-1n calculation

(@1 O(7) [Q) = (0] T (! ¥t ) O(r)T (&7 47t ) J0)

& The result 1s
.

(€ Ja) As(rr, o) Aj (1, ka)) = 2 50(2m)%6 (et + ko + kea)I G, ()P 1A, () 1A ()
ko ik k3.1k3.; ~ ~
(o= (0 - 22 (a2 1100 29)

ko ik ks ik3.m ~
= <5il = %) ks, <5jm = 3’223’ ) k2,m 1722)]

A generic
result

RKJ & Sloth, 20133
P
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Cross-correlation with magnetic fields

~& Using this relation

1
(C(11,k1)B(77,k2) - B(71,k3)) = o (0i5ka - kg — ko iks ;) (C(71, k1) Ai(71, k2) A (71, k3))
0

& The cross-correlation with magnetic hields 1s

=
(¢, k) B (77, ko) - Blrr, keg)) = =2 70(2m)%0 (ka +dea + o) G () P14, () 14 ()

(ko - k3)? 201 27(2)|
X ko - ks + 1272 koksZ,’ + 2(1{2 . kg) L :
ARy _

& The two integrals can be solved exactly for different

RKJ & Sloth, 20133
- O-‘-%‘

Values Of n.
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The integrals...

& The two integrals are

:Z—(l) = 7T3 2—2n—1

e a2l R D)

(—hears )2~y

« Tm [(1 +ikyr)e  TTHY (—komr)HLY | o (—ksT)

o . k1T (2) (2)
X dr7(1 — iki7)e Hn_l/Q(—sz)Hn_l/z(—kBT)

:Z-(2) ~ 7T3 2—2n—1

B P D)

(—hars )22

x Im [(1 +ikyr)e  TTHY (—komr)HLY | o (—ksT)

L . k1T (2) (2)
X dr7(1 —iki7)e HnH/Q(—sz)HnH/Q(—kBT)

Rajeev Kumar Jain Kavhh IPMU Cosmic magnetic fields from inflation



and the integrals again...

gt Roisn=" wietnet:

H =]
F1) _
2 (koks)3/2k2

x =k} — 2k (ko + k) — 2k1 (K3 + koks + k3) — (ka2 + k3) (k3 + kaks + k3)]

(
x (k1 + kg (—3k3 — 3kikoy — k3) + (k1 + ko) (=9k3 — 6k3ky — 2k5) k3
e — 6l<:1k2 — el — i

— 2(2k7 + kika + k3)k3 — 2(k1 + ko)k3 — k3 + 3T K7 (v + In(—ker)) ]

RKJ & Sloth Ol
———
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The flattened shape

& [n this limit, & = 2k, = 2k3, the second integral
dominates
313
(k2k3)5/2

féQ) FEes In(—ky7r)

& The cross-correlation thus becomes

(C(771,k1)B(77, ko) - B(77,k3)) ~ 96 In(—ky71) P (k1) Pr(k2)

& For the largest observable scale today, In(—k:7r) ~ —60,

RKJ & Sloth, 20135
P ‘
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The squeezed limit

& In this limit, the integrals are

= T
IS) = 7'('/ dTTJn_l/Q(_kT)Yn_1/2(—kT)

7(2) — 7(1)

& The cross-correlation now becomes

(C(11,k1)B(77, ko) - B(77,k3)) = —%%(QW)%(S)(M + ko + k3) P (k1) Pp(ks)
with by; = —%% =np -4 1n agreement with the
I

magnetic consistency relation.

RKJ & Sloth, 20133
r' 4
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Conclusions

~®  Origin of cosmic magnetic fields 1s still poorly understood.

& [nflationary + deflationary magnetogenesis can produce the
observed fields on large scales without the backreaction and
strong coupling problem.

& [ow scale inflationary magnetogenesis is still a viable possibility.

¢  Primordial non-Gaussianities induced by magnetic fields are
very interesting.

~* Violation of the consistency relation will rule out an important
class of inflationary magnetogenesis models.

¢ The magnetic non-Gaussianity parameter 1s quite large in the
flattened limit and can have non-trivial phenomenological
consequences.

Rajeev Kumar Jain Kavli IPMU Cosmic magnetic fields from inflation



Thank you for your

attention



